Purpose: The study objective was to investigate and validate plasma growth differentiation factor-15 (GDF-15) as a predictor of lymph node metastasis and a poor prognosis in primary endometrial cancer.
Introduction
Endometrial cancer represents the most common pelvic gynecologic cancer form. The incidence of endometrial cancer is increasing worldwide. Several biomarkers have shown associations with clinical characteristics and prognosis in endometrial cancer (1) (2) (3) (4) (5) (6) , but currently none are implemented in routine clinical practice. There is a need for identification of new biomarkers improving our understanding, diagnosis, and follow-up of endometrial cancer (7) . Ideally, novel biomarkers could also provide new targets and individualized therapy (8) .
We have recently identified growth differentiation factor-15 (GDF-15) as a novel biomarker in ovarian carcinoma, with independent prognostic impact (9) . GDF-15 overexpression has also been reported in malignant melanoma and prostate, thyroid, pancreatic, and colonic cancers (10) (11) (12) (13) (14) . GDF-15 is a distant member of the transforming growth factor (TGF)-b superfamily, also named macrophage-inhibitory cytokine-1, and was originally identified in activated macrophages (15) . GDF-15 regulates physiologic processes involved in tissue differentiation and maintenance (15) . Furthermore, GDF-15 has been identified as a prognostic biomarker in patients with acute coronary syndrome (16) , myocardial infarction (17) , and chronic heart failure (18) . Elevated levels have also been linked to higher risk of future cardiovascular disease in apparently healthy elderly women (19) . GDF-15 is highly expressed in the placenta (20) , and augmented circulating GDF-15 in pregnancies has been linked to preeclampsia and diabetes mellitus (21) , both conditions associated with increased risk for cardiovascular disease (21) .
Under physiologic conditions, placenta is the only tissue where GDF-15 is found in large amounts (20) , but GDF-15 increases in acute injury, inflammation, and cancer (10, (22) (23) (24) , and is induced rapidly by cytokines such as interleukin-1 (IL-1) and TGF-b (15, 20, 25) . Hence, GDF-15 is suggested to regulate a wide variety of physiologic processes known to be relevant for cancer development, such as inflammation, growth inhibition, induction of apoptosis, cell detachment, and tumor invasiveness (26) .
On this background, we have carried out a comprehensive study of GDF-15 in relation to an extensive panel of clinicopathologic variables including survival in endometrial cancer. A prognostic impact indicated in a primary investigation cohort has been validated in a large secondary validation cohort.
Materials and Methods

Study population
EDTA-plasma samples were collected from a total of 510 patients operated on for endometrial cancer at the 2 largest gynecologic departments in Norway: Oslo University Hospital, Ulleval (Oslo, n ¼ 44), from 2003 to 2009 and at Haukeland University Hospital (Bergen, n ¼ 466), from 2001 to 2009. None of the included patients had a prior diagnosis of endometrial cancer or had received chemotherapy for the present disease. The 1988 revision of the International Federation of Gynecology and Obstetrics (FIGO) stages was used.
Primary investigation cohort
In the small Oslo cohort of 44 patients with primary endometrial cancer, all blood samples were from fasting women prior to hysterectomy, and none of the patients had a prior cancer history.
Secondary validation cohort
In the large Bergen cohort of 466 patients, 27 patients had a previous history of another cancer type. Blood samples were collected during hospital admission in relation to primary treatment of the patients' endometrial cancer.
Study design
We compared the results from this study with previously published results from women operated on in Oslo between 2003 and 2009 for borderline ovarian tumor (BOT), ovarian cancer, or benign adnexal tumor and from 20 pre-and 20 postmenopausal healthy women (9) . EDTAplasma was collected and stored as previously described (27) . Extensive clinical information was collected at patient inclusion from medical charts as well as directly from the patient. Follow-up information was retrieved from hospital medical records and correspondence with the primary physicians and cross-checked with the National Cancer Registry.
Women participating in this study gave informed written consent, and the biobank studies were approved by the Regional Committee of Medical and Health Research Ethics (REK) Eastern Norway (for Oslo) and by REK Western Norway (for Bergen, NSD 15501).
GDF-15 immunoassay
GDF-15 in plasma was measured by an immunoradiometric sandwich assay by using a polyclonal, affinity chromatography-purified goat anti-human GDF-15 IgG antibody (R&D Systems). All analyses were conducted in duplicate. Clinical data were blinded to the laboratory, which also had developed the assay (28) . The assay has a detection limit of 20 ng/L, an intraassay imprecision of 10.6% or less, and an interassay imprecision of 12.2% or more (28) .
Statistical analysis
Statistical analysis was conducted applying Statistical Program for the Social Sciences, version 15.0. Probability of less than 0.05 was considered statistically significant. The clinical characteristics are presented as median values and range, or percentage of patients, and the GDF-15 results as medians [and 95% confidence interval (CI) of the medians] as well as interquartile range for the main patient groups. A nonparametric Mann-Whitney U test was used for comparison of continuous data between study groups. For the categorical data, c 2 test was used. Univariate survival analyses were conducted by using the Kaplan-Meier method and log-rank test, grouping low versus high concentration of GDF-15. Cutoff values for categorization were based on tertiles which were based on the frequency distribution of the marker, the size of subgroups, and number of events in each category. Groups with similar survival were merged, i.e., the 2 lower GDF-15 tertiles. Multivariate survival analyses were conducted with Cox regression. On the basis of results from other cancer types, we decided to test for the 1-sided hypothesis that high GDF-15 was associated with metastatic disease and poor survival in the small primary investigation cohort. Confirming this
Translational Relevance
The majority of patients with endometrial cancer are diagnosed at an early stage because of postmenopausal bleeding. Still, one third of patients dying from this cancer type were initially classified as early stage. Recurring endometrial cancers have limited response to conventional systemic therapy, and although biomarkers predicting survival or therapy response have been identified, none are routinely applied in the clinic. This article identifies and validates in an independent patient cohort plasma growth differentiation factor-15 (GDF-15) as a novel biomarker for aggressive endometrial cancer phenotype, including presence of lymph node metastasis and poor survival. The value of lymph node sampling is controversial in endometrial cancer and associated with short-and long-term complications. A biomarker improving risk stratification for tailoring surgical lymph node sampling would be useful in the clinical setting. Further implementation studies are needed to investigate the applicability of GDF-15 in a routine clinical risk stratification to guide individualized therapy and follow-up. (5) 22 (5) 20 (100) 49 (34) 15 (35) 9/125 Perimenopausal 3 (7) 36 (8) 13 (9) 1 (2) 8/125
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36 (82) 330 (71) 38 (88) 25/125 II 1 (2) 56 (12) 3 (7) 11/125 III 5 (11) 58 (12) 2 ( (1,063-1,453) hypothesis, we investigated the large validation cohort for correlation with a larger panel of clinicopathologic variables (all 2-sided P values). Receiver operating characteristic (ROC) curve was constructed for plasma GDF-15 as discriminator between women with endometrial cancer and healthy pre-or postmenopausal women, as well as for GDF-15 as discriminator between endometrial cancer patients with and without lymph node metastasis.
Results
Plasma GDF-15 is elevated in endometrial carcinoma patients Clinical characteristics for the 2 endometrial cancer patient groups are presented in Table 1 , together with the previously published clinical data from the healthy pre-and postmenopausal and patient groups used for comparisons (9) . Median plasma concentration of GDF-15 was significantly elevated in both the primary investigation cohort and the secondary validation cohort (n ¼ 44 and 466) of endometrial cancer patients as compared with the control groups of pre-and postmenopausal healthy women, patients operated on for BOT or benign adnexal tumor (Table 1) . Median plasma GDF-15 concentration for the total endometrial cancer group did not differ significantly from the ovarian cancer group (1,077 vs. 1,242 ng/L; P ¼ 0.1). Figure 1 illustrates the individual and median GDF-15 plasma concentrations for all patient groups and control groups of healthy women.
Primary investigation cohort: high plasma GDF-15 is associated with metastatic disease and poor survival
In the primary investigation cohort, 7 of 44 patients presented with FIGO stage III/IV disease. FIGO stage III/IV had a higher median GDF-15 of 1,092 compared with 920 ng/L for patients with stage I/II disease (1-sided P ¼ 0.04). Patients with high GDF-15, defined by the upper tertile, had a shorter median disease-specific survival time as compared with the rest (1-sided P ¼ 0.05; log-rank test).
Secondary validation cohort: plasma GDF-15 is associated with clinicopathologic findings
On the basis of the findings suggesting a link between phenotype and plasma GDF-15 levels in endometrial carcinoma, we investigated a secondary validation cohort for a larger panel of clinicopathologic variables. As listed in Table 2 , we found that high plasma GDF-15 was highly significantly associated with FIGO stage III/IV disease, nonendometrioid histology, high grade, older age, postmenopausal status, and presence of lymph node metastases (all P 0.001).
High GDF-15 is associated with poor survival
The validation cohort had a follow-up time from 1 to 96 months after primary treatment for clinical relapse and survival (median, 43 months for survivors). High plasma GDF-15 correlated significantly with shorter disease-specific survival time and shorter time to disease recurrence as illustrated in Fig. 2 .
Women with high plasma GDF-15 levels had a 5-year disease-specific survival of 70% compared with 89% for patients with low GDF-15 (log-rank test; P < 0.001). Corresponding 5-year recurrence-free survival was 62% versus 84% for high versus low GDF-15 (log-rank test; P < 0.001).
In an unadjusted analysis of disease-specific survival, high plasma GDF-15 predicted poor prognosis with an HR of 3.7 (95% CI, 2.3-6.1). Adjusting for age, FIGO stage, histologic subtype, and grade, high plasma GDF-15 still predicted poor survival independently, although with a lower HR of 1.8 (95% CI, 1.1-3.0; Table 3 ).
GDF-15 in endometrial cancer is predictive of lymph node metastasis
Lymph nodes were sampled routinely as part of the primary surgery in 80% (374 of 466), and metastasis was detected in 12% (n ¼ 46). Patients with lymph node metastasis had higher median GDF-15 (1,520 ng/L; 95% CI, 1,116-2,022 ng/L) compared with patients without lymph node metastasis (1,006 ng/L; 95% CI, 933-1,095 ng/L; P ¼ 0.001).
Women with high GDF-15 had a significantly higher risk of lymph node metastasis compared with patients with low plasma GDF-15 (OR ¼ 3.1, 95% CI, 1.6-5.8; P < 0.001). The predictive value of high GDF-15 was still significant in a multivariate model, after adjusting for age and preoperative classification into high-and low-risk patients according to histologic subtype and grade in curettage specimens with an adjusted OR of 2.8 (95% CI, 1.4-5.5; P ¼ 0.003) for lymph node metastasis among women with high GDF-15 (Table 4) . Patient age was not a significant predictor of lymph node metastasis.
For the subgroup of patients with endometrioid grade 3 curettage, 44% with high GDF-15 had lymph node metastasis as compared with none in the low GDF-15 group (P ¼ 0.007). Similarly, for the nonendometrioid subgroup based on curettage evaluation, 38% compared with 14% had lymph node metastases for high versus low GDF-15 values (P ¼ 0.03).
ROC curves for GDF-15
A ROC curve for GDF-15 as a discriminator between women with endometrial carcinoma (for both patient cohorts; n ¼ 510) and healthy pre-and postmenopausal controls (n ¼ 40) gave an area under the curve (AUC) of 0.86 (95% CI, 0.82-0.91); P < 0.001 (Fig. 3A) .
A ROC curve for GDF-15 as a discriminator between women with endometrial carcinoma (from the larger validation cohort) with lymph node metastasis (n ¼ 46) and women with endometrial carcinoma without lymph node metastasis (n ¼ 328) gave an AUC of 0.65 (95% CI, 0.56-0.74); P ¼ 0.001 (Fig. 3B) .
Discussion
Our present study is, to the best of our knowledge, the first report on plasma GDF-15 in endometrial cancer patients. We find that plasma GDF-15 is higher in endometrial cancer patients as compared with healthy pre-and . Disease-specific survival (A) and relapse-free survival (B) for the large secondary validation study cohort (N ¼ 466) of endometrial cancer patients according to plasma GDF-15 concentration (divided according to the upper tertile). All patients had complete follow-up information. High concentration of GDF-15 was associated with shorter disease-specific and recurrence-free survival, both P < 0.001 (log-rank test).
postmenopausal women and women with benign adnexal or BOTs. A biologic importance of GDF-15 in endometrial cancer was suggested by the association found between high plasma GDF-15 and poor survival in a primary investigation cohort. This association was clearly confirmed in our large, population-based secondary validation cohort, also showing a clear link between high plasma GDF-15 and aggressive histologic subtypes, lymph node metastases, short time to recurrence, and death due to endometrial cancer. Further studies are needed to explore the applicability of GDF-15 measurements for stratification for lymph node sampling and in routine follow-up. Because some of the plasma samples had been stored up to 9 years before analysis, with uncertain effect on GDF-15 protein degradation, confirming studies on fresh patient samples would be useful. High plasma concentration of GDF-15 has been associated with cardiovascular disease. Also, a recent epidemiologic study indicates that circulating GDF-15 could be a predictor of all-cause mortality in apparently healthy elderly women, also after adjusting for inflammation markers such as IL-6 and C-reactive protein (29) . Obesity, linked to high risk for cardiovascular disease, is known to increase the risk of endometrial carcinoma (7). In the primary investigation cohort, 10 of 44 endometrial cancer patients had some form of cardiovascular disease, mainly hypertension. However, a similar prevalence was found in the benign and borderline as well as invasive ovarian cancer groups. Also, we applied disease-specific survival in our analyses; it is therefore unlikely that cardiovascular disease represents an important bias in our study.
We find a strong association between tumor characteristics and plasma concentrations for GDF-15. On the basis of other studies, GDF-15 is induced by inflammatory cytokines such as IL-1 and TNF-a, and produced by activated macrophages (15) . Cancer and inflammation are clearly related (30) , and our finding of elevated plasma GDF-15 levels in cancer patients compared with controls may be because of cancer-related activation of inflammatory processes. Also, GDF-15 is induced by the tumor suppressor gene p53 and other antitumorigenic agents, such as the nonsteroidal anti-inflammatory drugs and peroxisome PPARg, suggesting that GDF-15 may be a downstream target of pathways regulating cell-cycle arrest and apoptosis (26, (31) (32) (33) . In addition to being overexpressed in many cancer types, GDF-15 has also been proposed to have anticancer effects, with antitumorigenic and proapoptotic properties (12, 26) . GDF-15 exerts pleiotropic roles in the early and late stages of carcinogenesis and seems to contribute to proliferation, migration, invasion, metastases, and treatment resistance in cancer (34) . Overall, there are clear indications for a strong link between augmented GDF-15 expression and tumor development and metastasis, in line with our findings for endometrial carcinomas. Serum GDF-15 has previously been identified as a biomarker associated with pancreatic (12), prostatic (11) , and colorectal carcinomas (35) . We have shown that GDF-15 is elevated in women with ovarian carcinoma, and that it is associated with poor prognosis (9) . Interestingly, earlier reports have linked GDF-15 concentrations in ascites and pleural fluid to prognosis for ovarian cancer (9), but not in breast carcinoma (36) , indicating some biological diversity for different epithelial cancer types. From the present and previous studies of GDF-15 in cancer, it is clear that elevated GDF-15 is not specific for a certain cancer type. GDF-15 is unlikely to represent a primary screening biomarker for endometrial cancer to discriminate between healthy women and women with endometrial cancer, as illustrated in the ROC curve of Fig. 3A . The results from our large validation cohort, however, seem promising in selecting women with endometrioid endometrial cancer for lymph node removal at time of hysterectomy. The highly significant correlation between high plasma GDF-15 and lymph node metastases identified in our large cohort of endometrial cancer patients indicates clinical relevance. In endometrial cancer, the value of lymph node sampling is controversial (37) , with no survival benefit from lymphadenectomy shown in randomized clinical trials (38, 39) . Surgical lymph node sampling has both short-and long-term complications for the patients, and a biomarker identifying which patients in whom surgical lymph node sampling is justified would be useful in the clinical setting. Whether inclusion of plasma GDF-15 will improve preoperative prediction models for lymph node metastasis in the routine clinical handling of endometrial cancer patients needs to be further studied (40) .
On the basis of our results in a primary investigation cohort, clearly confirmed in a secondary validation cohort, we conclude that plasma GDF-15 is elevated in patients with endometrial cancer and is a marker for phenotype, including lymph node metastasis and disease-specific survival. Further studies are needed to explore the applicability of GDF-15 measurements for stratification for lymph node sampling and in routine follow-up.
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